The photocatalytic O−H dissociation of water absorbed on a rutile TiO 2 (110) surface in ultrahigh vacuum (UHV) is studied with spin-polarized density functional theory and a hybrid exchange-correlation functional (HSE06), treating the excited-state species as excitons with triplet multiplicity. This system is a model for the photocatalytic oxidation of water by TiO 2 in an aqueous medium, which is relevant for the oxygen evolution reaction and photodegradation of organic pollutants. We provide a comprehensive mechanistic picture where the most representative paths correspond to excitonic configurations with the hole located on three-and two-coordinate surface oxygen atoms (O 3s and O 2s ). Our picture explains the formation of the species observed experimentally. At near band gap excitation, the O 3s path leads to the generation of hydroxyl anions which diffuse on the surface, without net oxidation. In contrast, free hydroxyl radicals are formed at supra band gap excitation (e.g., 266 nm) from an interfacial exciton that undergoes O−H dissociation. The oxidation efficiency is low because the path associated with the O 2s exciton, which is the most favored one thermodynamically, is unreactive because of a high propensity for charge recombination. Our results are also relevant to understand the reactivity in the liquid phase. We assign the photoluminescence measured for atomically flat TiO 2 (110) surfaces in an aqueous medium to the O 3s exciton, in line with the proposal based on experiments, and we have identified a species derived from the O 2s exciton with an activated O 2s −Ti bond that may be relevant in photocatalytic applications in an aqueous medium.
INTRODUCTION
Photodriven heterogeneous catalysis has the potential to transform the way sustainable energy is generated. 1−3 It aims at an efficient conversion of the sun's energy into clean fuels by mimicking photosynthesis. One of the most prominent examples is the decomposition of water into molecular hydrogen and oxygen. Photoassisted electrolysis of water under irradiation with light and zero applied potential was demonstrated for the fist time in 1972 by Fujishima and Honda in an electrochemical cell using the TiO 2 semiconductor as the photoanode for the oxygen evolution reaction (OER). 4 Since this discovery, TiO 2 has become a benchmark material for understanding the OER in water splitting. Other important photocatalytic applications based on TiO 2 are photodegradation of organic pollutants in the gas and liquid phases or the development of materials with superhydrophilic or self-cleaning surface properties. 5 In photodriven heterogeneous catalysis, the reactivity is promoted by the creation of a highly reactive intermediate through a photoredox reaction involving a hole−electron (h− e) pair. Some studies on TiO 2 point to free or adsorbed hydroxyl radicals generated from water molecules as the active catalytic species. 6−8 However, the formation of adsorbed hydroxyl radicals from adsorbed water photooxidation by photogenerated valence band (VB) free holes has been questioned on the basis of the electron photoemission spectra of water adsorbed at the rutile TiO 2 (110) surface under ultrahigh-vacuum (UHV) conditions, 9−11 whose analysis indicates that the reaction is thermodynamically not possible because the water highest occupied orbital lies below the TiO 2 valence band maximum (VBM). 12 Alternatively, other studies assign the catalytically active species to O radical centers which originate from the trapping of the h at terminal 2-fold-coordinated substrate O atoms, O 2s (bridging O atoms in TiO 2 (110)). 12− 19 One of the main questions in this discussion is whether the O of the active radical species is associated with an O atom from a water molecule or an O atom of the TiO 2 lattice.
Due to its implication in the photoelectrochemical water splitting on TiO 2 , the photoinduced O−H bond dissociation of water adsorbed (H 2 O ads ) on coordinately unsaturated Ti (Ti cus ) sites of single-crystal rutile TiO 2 (110) (structure 1a, Figure 1) has been studied by surface science techniques in ultra-highvacuum conditions. 20−22 This process is important as it represents the first and rate-determining step in the water oxidation (or OER) reaction. 23, 24 Moreover, the intermediate radicals which are formed in the course of this reaction may play a crucial role in photodecomposition of harmful organic compounds. The electronic, structural, and chemical properties of a TiO 2 (110) surface under UHV conditions are largely different from those of TiO 2 in aqueous solutions. 13−16 For example, in an aqueous environment, water dissociation may involve proton transfer (PT) to a second water molecule. 25, 26 Nevertheless, these detailed model studies also help to understand the mechanism of photoelectrochemical water splitting on TiO 2 electrodes and the formation of the active species in photocatalytic environmental remediation. They have established the currently accepted view of VB holes as the responsible species for water photodissociation. 20 In this paper, we study this model reaction computationally and we show how different types of hydroxyl radicals are generated and how they are related, thereby providing a global view of the primary events in the photogeneration of the key hydroxyl radical intermediates involved in photocatalysis.
Although the UHV experiments are conducted under welldefined conditions, the results point to a complex mechanism with several possible channels. The primary photochemical process is O−H bond dissociation where the water's H atom is transferred to the surface's 2-fold-coordinated bridging oxygen atom O 2s adjacent to the Ti cus adsorption site, O 2s 1 (structure 1b, Figure 1 ). 20 The hydroxyl group that is formed at the Ti cus site either diffuses to a Ti cus site different from the original one 20 or desorbs. 20, 22 Clear evidence that the ejected OH corresponds to radicals, i.e., OH des • , was provided by time-offlight (TOF) spectrometry, 22 whereas the electronic nature of the diffused hydroxyl group is undetermined.
Although H 2 O ads can be dissociated under UV irradiation, the dissociation efficiency is low. In ref 20 , similar low dissociation probabilities are reported under irradiation with 400 nm (3.1 eV), 355 nm (3.49 eV), and 266 nm (4.66 eV) light at relatively high light intensity. The wavelength dependence was also examined by another group, which reported that water cannot be dissociated at 400 nm, 21 whereas at 266 nm 22 , has not been observed. 20, 22 The mechanism of this important photoinduced catalytic process remains largely undetermined. However, the study on a fundamental level of the wavelength dependence of the photoredox reaction and the identification of the excitons and their reaction mechanisms is of utmost importance to understand the efficiency. Here, we employ 1/2 ML of H 2 O adsorbed at a Ti cus as a computational periodic model treated with spin-polarized density functional theory (DFT) with the HSE06 27 variant of the hybrid exchange-correlation functional HSE 28 to study the photoinduced catalytic dissociation of H 2 O adsorbed at a Ti cus as an excited-state process. With this approach, we can explicitly simulate the exciton, i.e., h−e pair, and the associated photochemical reaction coordinate. For a more comprehensive understanding of the deactivation after photoexcitation, we assess the competition between deactivation coordinates associated with different h−e pairs. The mechanistic picture arising from our results is summarized in Figure 2 . For our system, the H 2 O ads highest occupied levels lie below the VBM. 29 Laser excitation may give rise to different excitons depending on the energy. Excitation energies near the band gap (400 nm) generate a bulk exciton which can relax to different minima where the h is localized on different sites. There are two important minima where the h is localized on the 3-fold-coordinated surface O atom interacting with the adsorbed water, O 3s 1 , and the 2-fold-coordinated bridging O atom adjacent to the empty Ti cus site, O 2s 2 ( Figure  1 ). The O 3s 1 localized exciton triggers the O−H dissociation of the adsorbed water through an interfacial proton-coupled electron transfer (PCET) mechanism 30 
COMPUTATIONAL DETAILS
We use a periodic model where the unit cells contain a TiO 2 (110) slab made of five three-atom-thick layers, employ the experimental lattice parameters for bulk rutile TiO 2 (a = 4.5941 Å, c = 2.958 Å), 31 and include at least 10 Å of vacuum between repeated images. We use a pristine surface model because the concentration of oxygen vacancies in the UHV experiments of ref 20 is only 0.08 ML and the majority of molecules (91%) are adsorbed at Ti cus sites, away from the vacancies. See the Supporting Information for a discussion on the suitability of the model for excited-state calculations.
We model a 1/2 ML coverage, repeating the TiO 2 (110)-(1 × 1) unit cell along the [001]direction. This coverage is higher than that of 0.02−0.05 ML used in the UHV experiments. 20 Modeling lower coverages would require larger supercells, which is not affordable with our computational setup, but we expect that the coverage effect on the energy profiles will be small because the neighboring water molecules do not participate directly in the reaction of the dissociating one. However, our coverage does affect the second O−H bond dissociation step. For this step we consider as the acceptor site the O 2s nearest neighbor to the dissociating H atom (dashed arrow in the top view of structures 1b, 1c, and 1c′, Figure 1 ). In our TiO 2 (110)-(1 × 2) supercell, this atom is equivalent to the O 2s site involved in the first O−H bond dissociation, O 2s 1 . As a result, transfer of both H atoms to this site is not possible. Therefore, after the O−H dissociation step, we move the dissociated H atom to the O 2s atom adjacent to the empty Ti cus site, O 2s 2 (cf. structures 1c and 1c′, Figure 1 ) to allow for the second interfacial H transfer. This has a negligible effect on the energies (see below and Figure S1, Supporting Information). Finally, to model the second O−H bond dissociation for the exciton with the h localized at the O 2s 2 site, we need three O 2s sites, the first one for the h, the second one for the first dissociated H, and the third one for the second dissociated H. In this case, we employ a 1 × 3 supercell, which is triplicated in the [001] direction.
All calculations are performed using VASP within the projector augmented wave (PAW) scheme. 32 We employ a plane-wave energy cutoff of 445 eV, an electronic temperature k B T ≈ 0.2 eV with all energies extrapolated to T → 0 K, and a PAW pseudopotential for Ti which includes the 3s 2 and 3p 6 semicore levels. The calculations use the HSE06 functional. 27, 28 HSE06 gives accurate electronic and optical band gaps for anatase and rutile bulk TiO 2 33−35 and the cathecol on the TiO 2 (110) interface. 36−38 Moreover, it gives accurate absolute alignments of the valence band maximum (VBM) and conduction band minimum (CBM) for the plain TiO 2 (110) surface 33 and interfacial alignments of the adsorbate levels for water and methanol on TiO 2 (110) interfaces. 29, 34, 35 All computationally intensive HSE06 ground-and excited-state optimizations have been performed employing the Γ-point only. Since the slabs exhibit nonzero dipole moments along the [110] direction, dipole corrections have been applied to the potential, total energies, and forces. The geometries are fully relaxed with all forces ≲0.02 eV/Å.
The DFT HSE06 calculations to model the closed-shell groundstate configurations are performed spin unpolarized. Following our previous work, 30 the exciton states are computed as open-shell configurations with two unpaired electrons occupying 2p and 3d orbitals of specific O and Ti sites by means of spin-polarized DFT HSE06 calculations with triplet spin multiplicity. Spin-polarized DFT HSE06 gives a localized description of the h−e pair. h and e localization is accompanied by a polaronic distortion of the lattice at the corresponding O and Ti sites. Accordingly, to converge a given h− e configuration, a small lattice distortion is applied at the relevant O and Ti sites of the input structure of the geometry optimization. This procedure drives the geometry optimization toward the convergence of a minimum energy structure with the desired electronic configuration. We use the climbing-image nudged elastic band (CI-NEB) 39 method to compute the reaction coordinates and barriers with four intermediate images. The starting geometries of the images are obtained by interpolating the geometries of the reactant and product minima with their centers of mass aligned employing the "aconvasp" utility of the aflow program. 40 Our triplet calculations are an approximation to more expensive structure optimizations on S 1 computing the h−e pair as an excited state with singlet spin multiplicity. This could be done using, for example, the Bethe Salpeter equation (BSE) method, 41, 42 but it is not feasible for our system. The difference between the singlet and triplet energies is primarily due to the exchange integral between the h and e orbitals, which can be expected to be small because the h and the e are located on different sites and have small overlap. Therefore, we expect the energy difference between T 1 and S 1 excited states with similar electronic nature to be within a few tenths of an electronvolt, so that the mechanistic picture will not change. To confirm the reliability of this approach, we compute the S 1 excited state with the BSE method (see the Supporting Information for details) for the ground-state reactant minimum, i.e., Franck−Condon (FC) geometry, and compare it with T 1 from the DFT calculation. The S 1 and T 1 energies are ∼3.55 and ∼3.22 eV, respectively, which is consistent with our theoretical argument. This difference is also in agreement with previous estimates of the singlet−triplet gap in a minimal Ti(OH) 4 model of ∼0.1−0.3 eV. 43 The density of states (DOS) from the underlying DFT HSE06 calculation and the singlet excitation energies from the BSE calculation are used in Figures 4 and 7 , respectively. In Figure 7 , the excitations (indigo lines) have been shifted by 0.33 eV so that S 1 matches the T 1 vertical excitation.
To provide further support for the importance of excitons, we have calculated the exciton binding energy E b of S 1 at the FC point and an excited-state minimum (O 3s 1 ; see below) according to where E 1 is the S 1 energy and ε CBM and ε VBM are the CBM and VBM Kohn−Sham (KS) energies, respectively. For the FC point, the lowest energy exciton binding energy is ∼0.08 eV, which is of the same order of magnitude as that computed for bulk rutile TiO 2 , with similar computational approaches. 34, 44 For the excited-state minimum, E b increases to ∼0.31 eV. This increase shows the importance of describing the reactivity in terms of an excited state corresponding to a h−e pair configuration, as it indicates that exciton surface localization may compete with formation of uncorrelated h−e pairs. In this context, a bound exciton resonance with a near-band energy gap (3.76 eV) has been recently characterized for bulk anatase. 45 The adsorption energy E ads is given by
where E[water + TiO 2 (110)], E[TiO 2 (110)], and E[water] are the total energies of the covered and clean surfaces and gas-phase water molecule, respectively. The computed adsorption energy for 1/2 ML of intact and dissociated water adsorbed at a Ti cus site, namely, structures 1a and 1b in Figure 1 , are ∼−1.05 and ∼−1.10 eV, respectively. These values are in very good agreement with previously reported values with DFT HSE06. 46 3. RESULTS 3.1. Reactant Minima and h−e Configurations. We take a perspective similar to that adopted in computational photochemistry 47−50 and describe the oxidation as an excitedstate process carried out by a specific exciton ( Figure 2 ). This implies that we do not assume charge carrier separation and include the synergic role of holes and electrons in the heterogeneous photocatalytic oxidation process. This is a proper perspective given that the UV irradiation experiments are conducted in absence of an applied external potential, which would prompt an early h−e pair separation. Supra band gap irradiation by UV light induces a VB to CB electronic transition and thus results in the creation of h−e pairs where the h and e are delocalized. The photogenerated excitons become trapped, i.e., localized, on or near the surface upon nuclear relaxation following photoexcitation. The nuclear relaxation and trapping of photogenerated exciton pairs has been investigated for the anatase TiO 2 bulk, (101) surface, and nanoparticles, but the photochemical reactivity was not considered in these works. 51, 52 Here we discuss a similar process for rutile TiO 2 (110) and focus on the reactivity of the relaxed h−e pairs. The most important configurations for catalysis are those that have the h localized at surface sites because they can react with the adsorbate. In TiO 2 (110), there are two possible surface sites for h localization, the O 3s and the O 2s atoms (Figure 1 ). We know from our work on the photooxidation of CH 3 OH adsorbed at a Ti cus site of TiO 2 (110) that the important site for oxidation is the O 3s atom with the shortest distance to the adsorbate O atom, O 3s 1 in Figure 1 . 30 In addition, the thermodynamically most stable sites for h localization are the O 2s atoms because of their lower coordination number. 30 Figure S2 in the Supporting Information), which we expect to decay to the thermodynamically more favorable configuration or follow a similar fate.
For the O 2s 2 site, we could optimize the minima for the electronic configurations with the e at the Ti cus and Ti csa sites (structures 3a and 3b, respectively, Figure 3 ), with energies of ∼2.31 and ∼2.19 eV relative to the ground-state minimum 1a. The most stable minimum by ∼0.12 eV has the largest charge carrier separation with the e at the Ti csa site, structure 3b, which indicates a weak interaction between the h and the e.
In contrast, for the O 3s 1 site, we could only optimize the minimum of the electronic configuration with the e located at the Ti cus site (structure 2a, Figure 3) , with a relative energy of ∼2.98 eV. In this arrangement, the h and e are located very close to each other and are strongly interacting. This result indicates that h localization at the O 3s 1 site is only possible upon concomitant e localization at the surface Ti cus site. It also explains why the role of O 3s 1 has been overlooked in previous theoretical studies on rutile TiO 2 (110), which do not include the excited e and assume that the oxidation is carried out by an independent h. 53, 55, 56, 58, 59 One of these studies reports localization of a h at an O 3s site of a plain surface with an essentially null trapping energy, indicating the absence of propensity to trap the h at O 3s . 53 53, 54 However, an excited-state reaction is not an equilibrated process and does not necessarily imply relaxation to the most stable excited-state minimum of the reactant. Reactivity can also arise from an excited-state minimum that is energetically accessible relative to the vertical excitation energy, although it is not the lowest energy excited-state minimum. This is precisely the case for the photoinduced oxidation of H 2 O ads at Ti cus , which is linked to the interaction with the O 3s site.
The formation of the excited-state minimum 2a upon excitation of structure 1a with band gap energy can be understood as the result of a polarization of the VBM during the nuclear relaxation, as illustrated in Figure 4 . The VBM of structure 1a is the totally antibonding combination of O 2p π atomic orbitals along the [110] and [110] directions 35, 60 (see Figure 4 , left). It is delocalized across 3-fold-coordinated O ss and interior O (O in ) sites, with a small weight on the surface O 3s atoms, and it has a shape similar to that of the orbitals involved in the S 1 excitation of TiO 2 rutile nanoparticles. 61 Upon relaxation to structure 2a, the VBM is polarized toward the O 3s 1 and O ss atoms (see Figure 4 , right). There is also a reordering of the H 2 O ads levels, so that the H 2 O ads highest occupied molecular orbital (1b 1 ) also contributes to the VBM. This provides structure 2a with a small interfacial chargetransfer character, while it can be predominantly described as a surface exciton (see the spin density in Figure 3 ).
The interfacial level alignment of the water 1b 1 orbital relative to the VBM (Figure 4 , left) is in agreement with accurate many-body quasiparticle calculations and the UPS spectra of H 2 O ads on TiO 2 (110) under UHV conditions. 9−11 The calculations support the conclusion that photooxidation of H 2 O ads at a Ti cus site of TiO 2 (110) by a photogenerated VB free h is thermodynamically not possible because the water 1b 1 orbital lies below the TiO 2 VBM. 12 In contrast, the h transfer from the TiO 2 substrate to H 2 O ads is thermodynamically possible at the 2a minimum, where the O 3s 1 2p π and H 2 O ads 1b 1 orbitals that interchange the h are both major contributors to the TiO 2 (110) VBM (Figure 4 , right) as a consequence of coupled nuclear and electronic relaxation. This indicates that oxidation of H 2 O ads under UHV conditions occurs via an indirect mechanism involving a surface localized rather than a free VB h.
The first insight into the wavelength dependence can be obtained by examining the projected density of states (PDOS) at minimum 1a. The highest energy levels with contributions from the O 2s 2 and O 3s 1 sites are located ∼−0.55 and ∼−1.63 eV below the VBM. Accordingly, surface excitons with O 2s 2 character and interfacial excitons with O 3s 1 character can be directly photogenerated with supra band gap excitations. In particular, photogeneration of the interfacial excitons with O 3s 1 character requires excitation energies that exceed by ∼−1.6 eV the band gap excitation energy, which is consistent with the 266 nm light used in some experiments. 22 In the following, we will focus on the reactivity of the most stable O 2s 2 /Ti csa and higher lying O 3s 1 /Ti cus excitons. The competition between these reaction channels explains the experimental behavior.
Reactivity of the O 3s 1 Exciton. The reactivity of the O 3s
1 exciton is shown in Figure 5 . At the O 3s 1 /Ti cus minimum 2a, the energy separation between the excited and ground states is ∼1.75 eV ( Figure 5 ). This suggests that an analogous species is responsible for the photoluminescence bands peaking at 810 nm (1.53 eV) and 840 nm (1.48 eV) observed for the rutile TiO 2 (110) and TiO 2 (001) surfaces in solution, respectively. These bands have been assigned to a surface-trapped hole (STH) formed at triply coordinated O 3s , 14−16 without specifying the position of the electron, and we suggest that the species undergoing radiative charge carrier recombination may be an exciton localized on the surface.
The O 3s 1 /Ti cus exciton can evolve after O−H bond dissociation to adsorbed OH ads • and O ads •− species or to the desorbed OH des • radical. The two paths are shown in parts a and b, respectively, of Figure 5 . The first step common to both reaction paths corresponds to the first O−H bond dissociation, which takes place via PCET. 25 Figure 5a ). This leads to the product minimum 2b with the e at the Ti cus site and the h shared between the O 3s 1 and O ads sites, which corresponds to a three-electron, two-atom hemibond. 54, 67, 68 Structure 2b corresponds to an excited-state hemibonded hydroxyl radical, OH hmb
• . Despite an extensive search, we have not found a minimum where the h is fully localized on the OH adsorbate. In the hemibonded configuration, the OH ads charge decreases by ∼0.54 electron relative to that of the ground-state minimum 1a. This shows that the simultaneous partial electron transfer stabilizes the proton-transfer product and lowers the barrier. The low barrier also implies that structure 2a will be hardly luminescent under UHV conditions (dashed green arrow in Figure 2 ). Table S2 , Supporting Information).
As a result of the rotation, the OH ads charge further decreases by ∼0.15 electron, indicating that the O 3s 2 −O ads hemibond becomes additionally localized toward OH ads in structure 2c. This is possible because the donating capability of the OH ads is increased once the interfacial H bond with the O 2s 1 H group is broken. This polarization of the hemibond decreases the charge carrier interaction. As a result, we find that the h−e separation via e migration to the Ti csa underneath the surface becomes thermodynamically favored from the O 3s 2 −O ads hemibonded minimum 2c. This leads to a charge-separated minimum 2d with an adsorbed hydroxyl radical OH ads • hemibonded to the TiO 2 (110) substrate, located at ∼2.40 eV.
The charge separation takes place together with the decay of the exciton to the ground state through a state crossing. After the crossing, the configuration of the states is inverted; i.e., the open-shell (orange line) and closed-shell (gray line) configurations become the ground and excited states, respectively. Before the crossing, the open-shell configuration is given by a bound h−e pair (dashed orange line), while, after the crossing, the open-shell configuration is given by a charge-separated h−e pair (solid orange line).
The charge separation is accompanied by a further polarization of the hemibond and a decrease of the OH ads charge by ∼0.13 electron. This prompts the second O−H bond dissociation, which takes place on the ground state and involves a slightly activated (∼0.10 eV) and endothermic reaction coordinate from the 2d′ minimum. The H dissociation corresponds to a PT, which further increases the adsorbate negative charge by ∼0. 48 67 The oxyl radical anion O ads •− has also been detected spectroscopically as a transient for the related n-SrTiO 3 /aqueous interface by means of a vibrational signature involving a subsurface Ti−O vibration in the plane right below the adsorption site. 69, 70 In our case, along the reaction path from structure 2b to structure 2e, we observe significant changes of the Ti cus −O ss length (see Table  S1 , Supporting Information) which are consistent with the activation of this vibration.
At the crossing, an alternative path to the second O−H bond dissociation is nonradiative charge carrier recombination leading to an unoxidized product with closed-shell configuration, the OH ads − species. A quantitative determination of the branching at the crossing can only be made with nonadiabatic dynamics, but the rather flat energy profile along the O−H dissociation suggests that charge recombination will be the preferred process. The high-energy OH ads − species can relax to the ground-state OH ads − minimum. The ∼2.5 eV excess energy released in the nonradiative decay is redistributed to internal vibrational modes (i.e., internal vibrational redistribution, IVR), especially those that are directly coupled to the electronic excitation, such as the interfacial O ads −Ti cus distance, and this suggests that the decay will be followed by diffusion, leading to diffused hydroxyl anions, OH dif − . For comparison, the energy barrier for diffusion of water monomers on TiO 2 (110) is only ∼0.5 eV, 71 product has been detected experimentally. 22 Figure 5b shows the OH des • formation mechanism from structure 2b. This mechanism is also mediated by a state crossing, consistently with other photodesorption processes on TiO 2 (110). 78 Along this path, structure 2b may lead to structure 2f (see the arrow indicating the product formation), which has the same 
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Article electronic configuration. At structure 2f, the hydroxyl group is ∼4.15 Å away from the Ti cus site, which represents the desorption limit ∼0.85 eV above the 2b minimum.
Both geometric and electronic factors indicate that structure 2f has charge-separated character, with the h located on the hydroxyl group and the e at the farthest Ti cus site. The other electronic configuration that intervenes in the state crossing corresponds to a negatively charged desorbed hydroxyl group, OH des − , and a protonated substrate with strong Coulomb interaction (∼5 eV) and correlates with the structure 1b closedshell configuration.
The ∼3.55 eV desorption limit indicates that the H 2 O ads to OH des • path is only possible for excitation wavelengths ≤∼349 nm. This is consistent with the observation of photoinduced H 2 O ads oxidation to OH des • by the 266 nm irradiation wavelength reported in ref 22 . The low experimental desorption yields are also consistent with the fact that the path from structure 2b to structure 2c has a lower barrier than the desorption. However, desorption is favored by its irreversibility. In contrast, formation of the desorbed hydroxyl anion OH des − is disfavored energetically.
Reactivity of the O 2s
2 Exciton. The reactivity of the O 2s 2 exciton is shown in Figure 6 . The path starts from the excited-state reactant minimum with the O 2s 2 /Ti cus electronic configuration, 3a, with an energy of ∼2.31 eV. The energy separation to the ground state with closed-shell configuration (dashed gray profile) is only ∼0.24 eV. This small energy difference further supports the assignment of the photoluminescence spectra to an analogue of the O 3s 1 exciton rather than of the O 2s 2 exciton, as suggested in ref 13 . Figure 6 shows that e migration from the Ti cus site to the Ti csa site is exothermic by ∼0.12 eV. In contrast, the O−H dissociation from structure 3a (see Figure S2 , Supporting Information) is endothermic by ∼0.11 eV. Therefore, the most favored path from structure 3a is e migration leading to species 3b, which is the most stable reactant minimum with open-shell electronic configuration (Figures 3 and S2) . Importantly, e migration converts the excited-state open-shell 3a species into the ground-state open-shell 3b species through a state crossing. The presence of the crossing and the steepness of the path leading back to H 2 O ads suggest that charge carrier recombination to form H 2 O ads in this region is highly probable, as indicated by the arrow in Figure 6 .
The alternative to charge carrier recombination is to continue along the first O−H bond dissociation coordinate leading to the 3c minimum. For this electronic configuration, the reaction is slightly endothermic by ∼0.12 eV and has a barrier of ∼0.18 eV.
From structure 3c, the reaction path for the second O−H dissociation proceeds similarly to that described for the O 3s 1 exciton, i.e., O−H rotation to bring the second H atom close to the other O 2s 1 acceptor, leading to structure 3d, and the H 
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Article transfer that leads to the adsorbed formal oxyl dianion 3e. The barrier for O−H rotation is lower than for the O 3s 1 exciton (∼0.14 eV vs ∼0.26 eV) because there is no hemibond between the rotating O−H group and the O 3s atoms. However, the transfer of the second hydrogen is endothermic by ∼0.48 eV, which indicates that there is no driving force for the dissociation on the O 2s 2 /Ti csa electronic state. Figure 6 shows that the proximity to the closed-shell configuration is kept along the entire path. Given that the overall reaction coordinate is endothermic, nonradiative decay from structure 3b to the ground state is more likely to take place than O−H dissociation. This process involves the redistribution of ∼2.7 eV. Charge carrier recombination takes place at the O 2s 2 site away from H 2 O ads , which implies that the released energy is not redistributed to H 2 O ads vibrational modes but to substrate phonons involving the O 2s 2 and Ti csa or Ti cus atoms. As a result, water diffusion should not be observed, and ultimately, the 1a reactant should be regenerated. This contrasts what happens in the nonradiative decay of species 2d′ ( Figure  5a ), which leads to hydroxyl anion diffusion.
The O−H dissociation on the O 2s 2 excitonic state may also be relevant in an aqueous medium. At minima 3c and 3d, besides the characteristic stretching of the O−Ti bonds of the O 2s 2 atom that carries the h (∼2.0 Å), one of the O−Ti bonds of the O 2s 1 atom that carries the H is stretched to ∼2.3 Å (see the inset in Figure 6 and Table S2 , Supporting Information). Thus, the presence of a h and a proton on neighboring O 2s sites activates the O−Ti bond. This is an important feature because O 2s −Ti cleavage is proposed in the nucleophilic attack 14−16 and redox photooxidation 13 mechanisms of OER on rutile TiO 2 in water. The O−Ti stretch introduces partial unsaturation character on the Ti atom, which suggests that, in water, it may undergo a nucleophilic attack, similar to the mechanism postulated previously. 14 Figure 3A in ref 54 ), which features an adsorbed hydroxyl radical and a bridging O radical. The two radicals are bound to the same Ti atom and couple to yield a "side-on" η 2 -peroxo O−O bond. In this last case, one oxygen comes from adsorbed water and the other one from the surface, whereas, in our case, both oxygen atoms come from the surface. This is consistent with the formation of peroxo species reported in O isotope-labeling experiment studies where both O atoms come from the TiO 2 lattice. 15 3.4. Reactivity of Other Excitons. The reactivity of other excitons with the h localized on the O 2s 1 and O ss sites is shown in Figure S2 
DISCUSSION
Our discussion is centered on understanding the factors that control the photocatalytic oxidation of H 2 O ads on rutile TiO 2 (110). These are, primarily, the exciton configuration and the excitation wavelength. We also highlight the role of the OH species found in the different paths, which are the key players in the photocatalytic activity. Figure 7 shows the reaction paths for the O 3s 1 and O 2s 2 excitons that explain the formation of different types of radicals and the competition between the paths.
Our calculations indicate that H 2 O ads oxidation to the adsorbed hydroxyl radical and oxyl radical anion, OH ads • and O ads
•−
, is energetically possible with band gap energy excitation. It involves a surface-localized exciton with the h residing at a triply coordinated surface O atom and the e at a nearby surface Ti site (O 3s 1 exciton, dashed orange line). However, the path is reversible under UHV conditions, which implies that the net result is no oxidation.
Band gap excitation promotes the formation of a bulk exciton (represented by a tilted square at the Franck−Condon point in Figure 7 ). The bulk exciton in turn may relax into the O 3s 1 localized exciton, which interacts with the water molecule adsorbed nearby, causing the interfacial dissociation of the O− H bond and the simultaneous partial h transfer (PCET mechanism), and leading to the formation of an adsorbed hemibonded hydroxyl radical, OH hmb • . The PCET mechanism explains why the path generating OH hmb • is barrierless: the localization of the h onto the adsorbate is stabilized by the dissociation of the proton. 63 In a previous theoretical study, a direct mechanism was proposed where a surface free h is transferred to H 2 O ads . 58 The h was found to localize at the O 3s 1 site as soon as the H 2 O ads had reached the dissociated state. An important difference in comparison with this study is our identification of the early O 3s 1 excitonic minimum with intact H 2 O ads .
Kinetically, the O 3s 1 exciton path features a reaction barrier of ∼0.26 eV associated with hemibond breaking after the PCET. Although the barrier is surmountable with band gap excitation energies, it nevertheless limits the efficiency as it favors the relaxation through a competitive reaction path with a lower energy barrier (∼0.18 eV in Figure 7 and Figure S3 . However, these are transient, high-energy (∼2.34 and ∼2.38 eV, respectively) species that are prone to undergo charge recombination to diffused hydroxyl anion species, OH dif − , which implies that the net result is no oxidation. The diffusion of the hydroxyl anion is rationalized by a charge recombination process that takes place at the O atom of the adsorbate. As a result, the released energy is redistributed to the interfacial vibrational modes or adsorbate internal modes that activate the adsorbate's diffusion on the surface. Photoinduced dissociation of H 2 O ads leading to an excited-state adsorbed hydroxyl anion OH ads species has been reported in a theoretical dynamics study. 79 The process takes place in an excited state associated with Ti defects at interstitial sites of the TiO 2 (110) substrate, which is induced at ∼1 eV excitation energies. Although the simulation temperature is consistent with that employed in experiments, 20 no diffusion of the OH ads
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Article species after the dissociation was observed during the simulation. This finding is consistent with the idea that diffusion after O−H bond dissociation is triggered by the vibrational excitation of specific interfacial modes.
To summarize, the formation of OH ads • after band gap excitation is thermodynamically possible but is disfavored by three factors as shown in Figure 7 : first, the competition between localization of the initial bulk exciton at the O 3s 1 and O 2s 1 sites, second, the existence of a competing relaxation channel from the OH hmb • precursor to the lower lying O 2s 1 channel, and, third, the propensity of the species to undergo charge recombination and subsequent OH − diffusion. This explains why OH ads • is not detected experimentally under these conditions. 20, 22 However, desorption of the hydroxyl radical from the OH hmb • intermediate is possible at high excitation energies above the desorption limit of ∼3.55 eV. The generated free hydroxyl radical, OH des • , originates from the adsorbed water molecule, and the desorption process will be favored by direct generation of the h at VB occupied levels with contribution from the H 2 O ads 1b 1 orbital. This can be induced by supra band gap excitation such as the 266 nm wavelength used in some experiments. 22, 80 This type of excitation corresponds to an interfacial exciton and is likely to generate OH hmb • after O−H dissociation. The interfacial exciton mechanism is also consistent with experiments on the photocatalytic activity of rutile nanoparticles in water, 6 where desorption of free hydroxyl radicals is not observed after irradiation with wavelength >300 nm. While this energy exceeds our calculated dissociation limit, it is not sufficient to generate interfacial excitons directly, which suggests that these excitons are necessary to generate the free hydroxyl radicals. In contrast, free hydroxyl radicals are observed for anatase nanoparticles at the same wavelength. Our interpretation is that this may be due to the fact that in anatase the occupied levels with contribution from the water 1b 1 orbital lie closer to the VBM than in rutile, 29, 34 which implies that the interfacial exciton can be generated at longer wavelengths. Moreover, in these levels the weight on water is higher in anatase TiO 2 (101) than in rutile TiO 2 (110). 29, 34 These differences may also influence the desorption barrier to form OH des • , and suggest that it should be lower for anatase as compared to rutile. Thus, the formation of free hydroxyl radicals in anatase but not in rutile nanoparticles may also be due to a lower desorption limit for anatase. These considerations are also consistent with the higher efficiency of formation of OH des
• observed under UHV with 266 nm excitation for anatase TiO 2 (101) as compared to rutile TiO 2 (110). 80 A similar PCET mechanism has been proposed recently for the formation of free hydroxyl radicals in water employing small cluster models and excited-state methods. 43, 81 In this mechanism, a free OH • originates from a water molecule of the solvent that is interacting with but not chemisorbed at the surface. While this mechanism appears plausible in water, it should not be the one which explains the scanning tunneling microscopy experiments under UHV conditions of ref 20, as in these experiments the water molecule undergoing oxidation is directly adsorbed on the surface.
The second reaction channel is associated with the O 2s 2 exciton, which can be formed from the photogenerated bulk exciton or from nonradiative decay, both to the detriment of the O 3s 1 exciton. This exciton is the most representative one at near band gap excitation, since it is the lowest one in energy.
The main cause of the poor photocatalytic activity in UHV at these wavelengths is the high probability of charge recombination along the O 2s 2 path. This is due to the near degeneracy between the ground and excited states, which was also observed in a study of photocatalytic water oxidation on small TiO 2 clusters. 81 While our calculations target UHV experiments, they are also relevant for the experiments in an aqueous medium, as suggested by our assignment of the photoluminescence emitted from atomically smooth (100) and (110) surfaces of rutile TiO 2 in an aqueous medium 14−16 to an excitonic species with the h trapped at an O 3s atom (green arrow in Figure 2 ). Moreover, they indicate that luminescence is not compatible, as suggested in some works, 13 with a species with the h trapped at an O 2s atom because the energy separation between the excited and ground energy surfaces is far too small in comparison with the photoluminescence wavelength.
The observed photoluminescence in an aqueous medium suggests that the barrier for PCET from structure 2a will be higher in this medium. The calculations show that h localization at O 3s 1 is helped by the incipient formation of a hemibond with an intact water adsorbed at a nearby Ti cus atom, which leans onto the surface to facilitate this interaction (see the distances in Table S1 , Supporting Information). This stabilization is probably larger in an aqueous medium where other water molecules from the solvent also contribute, which should result in a higher O−H bond dissociation barrier and higher photoluminescence probability. This would explain why photoluminescence is observed in an aqueous medium, whereas under UHV conditions O−H bond dissociation is favored.
Our results are also consistent with the observed pH dependence of the photoluminescence spectra, whose intensity decreases stepwise with increasing solution pH. 14−16 The solution pH should influence the efficiency of both O 2s and O 3s decay channels, which compete with the photoluminescence from the O 3s excitonic minimum. In an acidic aqueous medium, both the interfacial O−H bond dissociation on the O 3s excitonic state and conversion of the O 3s exciton into the O 2s exciton will be blocked as a consequence of the protonation of the O 2s atoms, which would result in efficient photoluminescence. Localization of a h at a protonated O 2s atom is predicted to have a positive trapping energy, 53 which makes it unlikely. In contrast, in a less acidic aqueous medium, both processes would take place to the detriment of photoluminescence. The photoluminescence intensity decreases further to almost 0 at pH 13. 14−16 This decrease has been attributed to the oxidation of the oxyl dianion species adsorbed at Ti cus sites (structure 1d in Figure 1 ) that should form from the dissociation of both H atoms of adsorbed water at this pH. While we cannot rule out this process, our results offer an alternative explanation. They show that the formation of the O 3s excitonic minimum is aided by an intact water molecule adsorbed at the Ti cus site. This minimum would hardly form at such a high pH, because the species at the Ti cus site would correspond to a hydroxyl anion rather than an intact water molecule. Thus, the photoluminescence intensity, which is proportional to the density of the O 3s excitonic minimum, is sharply decreased at pH 13 due to the dissociation of the water adsorbate on the ground state prior to irradiation. Although the early excitonic O 3s minimum with intact H 2 O ads would not form, photooxidation of OH ads − can still take place, but it would be initiated by photoexcitation of OH ads for the photooxidation of dissociated absorbed methanol on TiO 2 (110). 30, 82 Our results also support the suggestion from the nucleophilic attack mechanism that the surface h trapped initially at an O 3s atom, which survives radiative decay, evolves into an O 2strapped h. 14−16 This is consistent with our calculations because the O 2s 2 excitonic state is lower in energy than the O 3s 1 excitonic state. Nevertheless, the O 2s 2 exciton can also be formed directly after photoexcitation.
Finally, our results support the key role of O 2s 2 atoms in OER. While the O 2s 2 channel is inactive in UHV because of the high charge recombination probability, this probability will decrease in an aqueous medium due to the stabilization of the chargeseparated minima 3b−3d by the polar solvent. Under these conditions, minima 3c and 3d, which have one activated O 2s − Ti bond, may be involved in the OER, as explained in section 3.3. This may contribute to explaining the higher photocatalytic activity of rutile in an aqueous medium compared to UHV.
CONCLUSIONS
The photocatalytic oxidation of water adsorbed on TiO 2 is one of the most important photocatalytic processes, and our study provides three main new insights.
First, we present a comprehensive picture of the reactivity of water on rutile TiO 2 (110) in UHV, a widely used model system. 11,83−85 Our mechanistic picture shows that different hydroxyl species can be formed along competing channels depending on the excitation energy and the nature of the populated exciton. The thermodynamically most stable O 2s 2 exciton leads to charge recombination, which explains the overall low reactivity. In turn, the reactive O 3s 1 exciton leads, under band gap excitation or above, to the formation of diffused OH dif − anions after PCET and charge recombination. The formation of the free OH des • radical, which is the actual oxidation product, is only favored at supra band gap excitation, where it competes with the other channels. In different experiments employing a 266 nm wavelength, both OH des • 22 and HO diff − 20 have been reported. The amount of OH des • is an indicator of the amount of H 2 O ads that is oxidized as a result of photoinduced OH bond dissociation, whereas the amount of HO dif − is an indicator of the amount of H 2 O ads that is not oxidized even though it has undergone photoinduced OH bond dissociation.
Second, beyond the UHV model system, our results are consistent with a large body of work in an aqueous medium 6,13−16 and provide new insights into the reaction in this medium. Photoluminescence has been used to monitor the OER catalytic efficiency, 14−16 and our computations allow us to assign the O 3s exciton as the responsible species. On the basis of our results, we also suggest that the main photocatalytic channel in an aqueous medium corresponds to the O 2s exciton. In UHV, this channel is inefficient due to charge recombination, but in an aqueous medium, the charge recombination will be suppressed because of the stabilization of the photocatalytic, charge-separated state by the polar environment. We also propose that one of the photocatalytic paths in an aqueous medium may involve a species with an activated O 2s −Ti bond formed from this channel.
Finally, from a more general perspective, and considering our recent study on the photocatalytic oxidation of methanol on rutile TiO 2 (110) under the same conditions, 30 our results highlight the fundamental role of excitons in photocatalytic processes and show that fundamental insights into the reaction mechanism and its efficiency can be obtained by treating the excitonic character explicitly in the calculations. 
